The in vitro organoid model is a major technological breakthrough that has been established as an important tool in many basic biological and clinical applications. This near-physiological 3D culture system accurately models various biological processes, including tissue renewal, stem cell/niche functions and tissue responses to drugs, mutations or damage. Organoids have the potential value of being an accurate model for disease predictions or drug screening applications and to identify the ideal treatment for that patient. Carcinogenesis can be modeled by mutating specific cancer genes in wild-type organoids; and patient-derived organoids provide an important resource in the development of personalized cancer treatment. Organoids from cancer patients could be used to identify the ideal treatment for a specific patient by growing matched healthy and diseased organoids from human cancer patients which additionally enables clinical screens for drug combinations. Organoids could also provide autologous cells ordin the futuredtissue for transplantation. In this review, we discuss the current advances, challenges and potential applications of this technique in gastrointestinal neoplasms.
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Introduction
Organoids are three-dimensional (3D) in vitro culture systems derived from self-organizing stem cells. They can recapitulate the in vivo architecture, functionality, and genetic signature of primary tissues. Under specific growth conditions, stem cells proliferate and form complex structures that represent an ideal tool to study developmental processes and tissue maintenance mechanisms due to the ease of genetically manipulating the cells. This technique is widely used within the research community, mainly because of the potential of organoids to model many complex in vivo processes in vitro. In addition, although stem cells are somatic cells, they can be cultivated far beyond the Hayflick limit 1 while maintaining their genomic stability.
2 (see Table 1 , Figs. 1 and 2)
Development of organoid culture for gastrointestinal cells
The term "organoid" was initially used in oncology as a term synonymous with teratomas (for example, dermoid cysts) and was reported as early as 1946. 3 From the 1960s onward, the term was applied to organotypic cultures that self-organized during cell sorting and reaggregation experiments conducted by developmental biologists. 4, 5 With renewed interest in organoids manifesting within the past decade, the definition of organoids was refined to 3D structures that were grown in vitro and derived from pluripotent stem cells (PSCs) or adult stem cells (ASCs) that self-organize into a near-native microanatomy with organ-specific differentiated cell types and tissue compartmentalization. Requisite for the initial development of the culture system of murine small intestinal epithelial organoids were several advancements in the understanding of the intestinal stem cell niche. First, leucine-rich repeat containing G-protein-coupled receptor 5 (Lgr5) was identified as an intestinal stem cell-specific marker gene, allowing the characterization and purification of these stem cells. 6 Subsequently, the understanding that adult intestinal stem cells can be both proliferative and long lived in vivo 6 led to the use of isolated Lgr5þ stem cells as a putative source for organoid cultures. Following the discovery of Wnt signaling as an essential cellular signaling pathway for stem cell maintenance in vivo, 7, 8 the observation that R-spondins, later identified as Wnt agonists that bind to Lgr5, 9 are mitogens that cause stem cell hyperplasia, 10 and the study revealing the contrasting roles of tyrosine kinase receptor signaling, with epidermal growth factor (EGF) as another potent mitogen and the bone morphogenetic protein (BMP) inhibitor Noggin as crucial for the maintenance of stem cell niche 11e13 organoid culture medium was developed and contains EGF, Noggin, and R-spondin. In addition, a Rho kinase (ROCK) inhibitor was added to primary cultures to inhibit anoikis, which was previously observed in purified colonic epithelial cells.
14 Finally, embedding of purified Lgr5þ stem cells in Matrigel as an ex vivo substitute for the extracellular matrix (ECM) was performed based on previous experience with feeder layer cultures showing that stem cell clonogenicity is further enhanced by fibroblasts producing ECM to support stem cell growth and preincubation of tissue culture plastic with ECM proteins such as collagen or laminin. 15 Furthermore. ECM-based hydrogels such as Matrigel foster 3D aggregation and polarization of stem cells. 16, 17 Stem cell proliferation first resulted in cystic spheroids, which then formed crypt-like buddings that further developed into "mini-guts" with distinct crypt-villus compartmentalization within 2 weeks as seen in vivo. The entire epithelium consisted of a monolayer of fully polarized epithelial cells in direct contact with the ECM provided by the Matrigel. The cryptlike structures were composed of Lgr5þ stem cells intermingled between Paneth cells and, above the crypt bottom, transit-amplifying progenitor cells, while the villuslike domain contained fully differentiated enterocytes. Scattered throughout the organoid epithelium were the other two mature intestinal cell types: goblet cells, and enteroendocrine cells. Oudenaarden and colleagues sequenced the mRNA transcripts purified from single cells of intestinal epithelial organoids and found a heterogeneous population of cells reflective of the in vivo epithelium in these cultures. 18 Furthermore, organoids could also be derived from individual intact crypts isolated from the intestinal epithelium by ethylenediaminetetraacetic acid (EDTA) digestion. Contrary to established studies on organoids, one study showed that self-organizing nearnative intestinal epithelial structures can be built from single stem cells in the absence of a mesenchymal cellular niche. 19 Subsequently, the addition of Wnt3a allowed for the generation of organoids from mouse colon crypts as well as from purified Lgr5þ colonic stem cells. 20 Furthermore, the addition of the niche factors Wnt3a, EGF, Noggin, and R-spondin-1, as well as the addition of nicotinamide, A83-01 (a small-molecule inhibitor of transforming growth factor b (TGFb) type I receptor kinase, also known as activin-like kinase 5 (ALK5)), and SB202190, a p38 mitogen-activated protein kinase (MAPK) inhibitor, were required for the eventual establishment of long-term organoid cultures derived from primary adult human small intestinal or colonic epithelial tissue. 20, 21 Later, Jensen and colleagues succeeded in adapting this protocol to generate organoid cultures from both mouse and human fetal intestinal epithelium. 22 Modifications of the growth factors provided in the original intestinal organoid culture medium allowed the establishment of epithelial organoid cultures from several other murine and human gastrointestinal organs, including the gallbladder, 23 liver, 2, 24 pancreas, 25, 26 and stomach 27e29 Figure 2 Applications of organoids: Applications of organoids provide the opportunity for drug testing, potentially allowing the development of personalized treatment strategies. The ability to establish and expand organoids derived from a single adult stem cell and subsequently transplant these organoids into experimental animal models raises the possibility of using organoids in regenerative medicine.
Intestinal organoids
The intestinal organoid culture system has been applied to various samples of digestive tissue epithelium and diseased epithelium, including mouse intestinal adenoma and human colorectal cancer (CRC) cells. 20, 30 Because Wnt signaling is aberrantly activated in mouse adenoma and most human CRCs, organoids derived from tumor epithelium readily proliferate independent of Wnt and R-spondin. Presumably for similar reasons, CRC cells can often proliferate with fewer niche factors than their normal counterparts. Importantly, however, CRC cells often remain dependent on some niche factors required for normal intestinal stem cells (ISCs), suggesting that these factors may play a role in the maintenance of cancer stem cells (CSCs). In CRC organoid cultures, the success rate of establishing a culture is superior to that of previously reported culture systems with noncancerous cells. Furthermore, single CRC cells are immobilized in Matrigel, and their clonal CRC organoids can be tracked on a real-time basis, which may enable visualization of the self-renewal capacity of CSCs in a dish. Their clonal expansion capacity could be applied to various biomedical analyses, including deep sequencing, which normally requires genomic DNA on the order of micrograms. When combined with integrated molecular information, the establishment of "living biobanks" would be a useful resource for both basic research and clinical applications.
A striking advantage of CRC organoids is their expansion efficiency (approximately 1000 divisions per month), enabling the quick preparation of a large number of CRC cells in a short time. This scalability and rapid expandability make organoid culture suitable for drug testing and personalized medicine using patient-derived cancer samples. Although it is not possible to perfectly recapitulate patient-derived cancer using a certain experimental platform, the best option at this stage is to use a combination of two complimentary systems (depending on the applications): patient-derived xenografts (PDXs) and CRC spheroids/organoids.
There are some drawbacks in CRC organoid culture. Organoids are composed of pure epithelial cells, making it difficult to assess the effect of treatments targeting nonepithelial cells, such as endothelial cells or immune cells. Anti-VEGF therapy targeting tumor vascularization has been used clinically for CRC, but assessing this targeted therapy is more difficult in CRC organoids than in the PDX model, in which mouse-derived endothelial cells migrate into xenografted CRC tumors and form the tumor vasculature. 31, 32 Although CRC organoids maintain glandular histologic structures and retain some differentiation capacity, it remains unknown to what extent these organoids could mimic the tumor in the patient's body.
Stomach organoids
The first gastric organoid system developed was a direct advancement of the above mentioned original intestinal culture system from the Clevers group. 19 Meritxell Huch isolated murine antral gastric glands, embedded them into ECM and identified WNT, FGF-10 and GAST as stomachspecific niche factors required in addition to the intestinal factors RSPO, EGF and NOG to allow growth of the glands into organoids. 27 Murine antral organoids formed more cystic structures than their intestinal counterparts but also have small buds that harbor Lgr5þ stem cells. Cells in the organoids differentiate into Mucin 6 (MUC6)þ neck cells, MUC5AC þ pit cells, pepsinogen C (PGC)þ chief cells and enteroendocrine cells. After the glands are seeded, they expand within approximately 1 week to full size and can be split at a ratio of 1:5 every week, and cultures can be expanded long term (9 months at initial publication). 27 The same conditions also allow culture of organoids from the murine corpus 29, 33 and isolated single Tnfrsf19/ TROY þ chief cells. 20 Corpus organoids also harbor neck, pit, chief and enteroendocrine cells. 20 In addition, parietal cells are present in the initial seeding, but their numbers decrease over time. 33 To enable research on human stem cells, this culture system was adapted for human intestine, which, in addition to WNT, EGF, NOG, and RSPO, requires inhibition of transforming growth factor b (TGF-b) signaling, inhibition of p38 signaling and the addition of nicotinamide to inhibit sirtuin activity. A ROCK inhibitor is also added after seeding to inhibit anoikis. 20 The conditions used to grow mouse gastric organoids plus the addition of nicotinamide allow the initial growth of human organoids 34 but not their long-term expansion. 28 The culture conditions used to grow human intestinal organoids also support the growth of gastric glands into spheres. 35 The minimal and optimized culture for human gastric stem cells (including only EGF, NOG, RSPO, WNT, FGF10, and GAST as well as TGF-b inhibition) allows the growth of gastric glands or single cells into complex organoids with a cystic body comprising mostly pit cells and glandular buddings containing neck cells, chief cells and an extremely small number of enteroendocrine cells. 28 By manipulating the culture conditions, researchers could differentiate organoids into three different types distinguished by differences in the number of mucus-producing cells. The first one consists of all four gastric lineages and is termed the "complete type", the second has only the gland domain and is termed the "gland type", and the third contains mainly pit cells and is termed the "pit type". Although these cultures lack parietal cells, they contain the other four different cell types and can be maintained for more than a year without the loss of expansion or differentiation capacity. 28 ASC-derived organoids are probably the most practical because they can self-renew and thus can be cultured long term. After the organoids are initially established, they have a short maturation time of only one (for mice) or two (for humans) weeks. An interesting feature of this system is that it allows the expansion of healthy tissue stem cells, as well as cells from gastric metaplastic diseases, such as Barrett's esophagus 20 or gastric cancer cells 28 . Thus, both cancer and healthy organoids can be established from the same patient, rendering this an ideal model for drug testing. 28, 36, 37 GS-GCs could accumulate functional genetic mutations through copy neutral loss of heterozygosity (CN-LOH) without any evident sign of aneuploidy. Indeed, copy number analysis identified an additional CN-LOH on chromosome 20. Although such precise genetic analyses of GSGCs have been challenging owing to their low tumor purity, organoid-based cancer cell expansion enabled the detection and characterization of minor genetic events occurring in GS-GC tissues. 38 
Pancreas organoids
A group led by Muthuswamy 38 developed pancreatic exocrine progenitor organoids from human PSCs with global gene expression similar to the human pancreas. The authors also developed another efficient model to generate 3D organoids from human pancreatic adenocarcinoma. They cultured the cells as an overlay in media on top of a Matrigel bed. This culture medium was supplemented mainly with B27, ascorbic acid, insulin, hydrocortisone, fibroblast growth factor 2, all-trans retinoic acid, and Y267632. Interestingly, the organoid culture does not require stimulation of Wnt signaling. The group also demonstrated similar drug sensitivities (using epigenetic regulators, specifically EZH2 inhibitors) between 3D organoids and the matched primary tumor. A similar approach, namely, inducing pluripotency in pancreatic cancer patient-derived cells and differentiating these cells into the pancreatic ductal lineage to recapitulate carcinogenesis, has been reported. 39 Remarkably, this study led to the use of thrombospondin-2 in combination with the established serum marker CA19-9 to detect early-stage pancreatic cancer, thus underscoring the translational potential of organoids. 40 The Skala group published another methodology for pancreatic tumor organoids that allows the propagation of fibroblasts and tumor cells within a 1:2 mixture of Matrigel and supplemented media. 41 The culture media contains 10% fetal bovine serum, 1% penicillinstreptomycin, and 10 ng/mL EGF receptor. These conditions allow the formation of tumor cells with fibroblasts from human and murine pancreatic ductal adenocarcinoma (PDAC). Finally, the Kuo group published a methodology based on an air-liquid interface that consists of a Transwell (Corning) with collagen gel coating on the inner chamber that is directly exposed to air; therefore, cells seeded on this surface are in contact with high levels of oxygen. This approach uses a matrix comprising type I collagen instead of Matrigel, which permits 3D organoid growth from neonatal or adult murine tissues without the need for exogenous growth factor supplementation. 42, 43 Liver organoids Although quiescent in healthy adult liver, Lgr5þ cells can be induced following liver damage in bile ducts. Lineage tracing reveals that Lgr5þ cells can generate both hepatocytes and biliary duct cells in vivo, indicating that Lgr5 is also a marker for hepatic stem cells. The gene expression profile of these ductal Lgr5þ cells is similar to that of Lgr5þ ISCs, which is consistent with their similar biological properties. Unsurprisingly, biliary duct fragments or single Lgr5þ cells could be successfully expanded in a previously established culture system of intestinal organoids. Biliary duct-derived organoids possess bipotentiality of differentiation, which indicates that they could be biased toward hepatocyte maturation when cultured with differentiation medium. 24 In addition to their expression of hepatocyte markers, differentiated organoids can also exhibit hepatocyte function, including low-density lipoprotein uptake, glycogen accumulation, albumin secretion and cytochrome function. Recently, Huch et al. 20 successfully cultured human liver organoids from healthy donor liver biopsy specimens and suggested that the organoids exhibited hepatocyte functions comparable to those of freshly isolated hepatocytes. 2 To test the genetic stability of human liver organoids during expansion, Huch et al performed two cloning steps followed 3 months of culture and then whole genome sequencing (WGS) analysis to determine the accumulation of genomic variation in a single cell. They showed that compared with induced pluripotent stem (iPS) cell reprogramming, expansion of adult liver organoids introduced 10-fold fewer base substitutions. The genetic stability of human liver organoids after long-term culture also reflected no gross chromosomal aberrations or copy number variants (CNVs). 20 Embryonic stem (ES) cells and iPS cells are two potent alternatives in organoid culture when attempting to create epithelial-based organoids. However, recent studies have revealed that during the processes of derivation and reprogramming, genetic and epigenetic aberrations occur, 2, 24, 25 including chromosomal abnormalities, CNVs and somatic coding mutations.
26e28 These aberrations complicate their use in regenerative medicine. 44 
Applications of organoid technology
The capability to grow near-physiological, self-renewing organoids in culture provides us with an excellent model system for a wide range of both basic research and translational applications. A major advantage of this system is the ability to greatly expand both tissue-specific stem cells and their differentiated progeny from highly limited amounts of starting material (such as biopsies); this expansion ability facilitates in-depth analyses of stem cell behavior, drug screening, disease modeling and genetic screening. The success of this process has spurred efforts to create cryopreserved biobanks of healthy and diseased human organoids as a renewable resource that is accessible to researchers worldwide. 24 Organoids in the study of carcinogenesis Carcinogenesis can be modeled by mutating specific cancer genes in wild-type organoids. The first study used lentiviralbased ectopic expression or silencing of cancer genes such as KRAS or TP53 in hiPSC-derived pancreatic organoids. 2 However, the advent of CRISPR/Cas9 genome editing has greatly enhanced the capabilities of organoids as a cancer model. Specifically, two research groups have shown that sequential mutation of APC, TP53, KRAS and SMAD4 by CRISPR in intestinal organoids reproduces colorectal cancer progression in vitro. 36, 44 Orthotopic transplantations of intestinal organoids carrying different combinations of those gene mutations allowed us to evaluate the specific weight that each individual gene contributes to the metastatic process. 38 Similarly, mutations were introduced in genes responsible for DNA repair, such as MLH1 and NHTL1. 45 After the initial editing and single cell cloning of the mutated organoids, the mutant organoids were subcloned after a fixed period of 2e3 months. The subclones were expanded, and WGS of the clones and subclones revealed the accumulation of mutational changes over time. This allowed us to determine the consequent gene mutation rate and signatures. 45 Therefore, in addition to its contribution to tumor modeling, targeted gene editing can potentially dissect specific gene roles in the carcinogenic process. In conclusion, organoid culture has revealed itself as a valuable resource for cancer research. 46 Recent works also aimed to integrate 3D cultures of epithelial organoids with nonepithelial cells, such as stromal and immune cells, to obtain a cancer model that incorporates the tumor microenvironment. 47, 48 These studies, however, are still at an early stage but could constitute interesting future developments of the field. 49 
Potential of organoids in drug development
Many existing 2D cell lines harbor multiple culture-induced mutations or contamination from other cell lines that limit their value as an accurate model for disease predictions or drug screening applications. 50, 51 Indeed, overreliance on such inherently nonphysiological models is likely to have contributed to the high failure rate of many drug discovery programs over the past two decades. This setback has fueled efforts to develop high-throughput screening methods that incorporating the far more stable and more physiological patient-derived organoids for use in early drug discovery programs and toxicity screens. 52, 53 Patientderived organoids represent an important resource in the development of personalized treatment regimens. In vitro amplification of patient organoids from disease-site biopsies can deliver sufficient material for deep sequencing to reveal causal mutations or for in-depth phenotypic profiling, which can facilitate more tailored treatment regimens. The ability to grow matched healthy and diseased organoids from human patients additionally enables clinical screens for drug combinations that selectively target the diseased tissue, helping to identify more effective treatments with minimal side effects. Many of the side effects of anticancer drugs can be attributed to acute liver toxicity. One could therefore envision the use of hepatic organoids to predict the in vivo liver toxicity of experimental drug combinations before commencing expensive clinical trials. 54 Other clinical applications include the use of disease-derived organoids to predict the acquisition of drug resistance and to develop drugs that effectively target candidate CSCs. Furthermore, organoids can be tracked over time via 4D microscopy to assess cancer stem cell behavior and viability in response to active drugs to predict patient outcomes.
Personalized medicine
As the miniaturized avatar of an organ from a specific patient, organoids have the potential to identify the ideal treatment for that patient. A prime example is cystic fibrosis. While CF is fairly common (incidence of approximately 1 in 3000 live births), some of the CFTR mutations are rare, and patients with rare mutations may not receive the ideal treatment. This was the case for the first CF patient treated on the basis of their organoid screening results: the one drug available in the Netherlands at that time was neither prescribed nor reimbursed for patients with this specific mutation because it was too rare to have been tested in a clinical trial. Researchers grew organoids from a rectal biopsy from the patient and, using the forskolininduced swelling assay, identified a positive response to the drug Kalydeco. A second patient presented the same rare mutation. The treatment was given to the patients, who both showed significant improvements. 55 After this initial translational success, blinded follow-up studies with larger patient cohorts have now been initiated. Based on this approach, organoids from cancer patients could be used to identify the ideal treatment for a specific patient, but because cancer organoids retain the genetic heterogeneity of the primary tumor, it is likely that the same resistant clones may manifest under the application of a specific drug as occurs in vivo, thus predicting the acquisition of drug resistance during treatment. Ongoing studies will have to demonstrate the accuracy of these predictions. 56 
Regenerative medicine
Materials for transplantation are always scarce, and alternative sources are urgently needed. As organoids can be initiated from minuscule amounts of donor cells, expanded and differentiated in vitro, they could provide autologous cells ordin the futuredtissue for transplantation. Organoids have already been transplanted into the murine colon, where they engrafted and retained typical organ features such as tissue architecture and cell differentiation status. 22, 57 Similarly, human liver organoids have been engrafted into mouse liver, and kidney organoids transplanted under the kidney capsule have become vascularized. 2, 58, 59 Future studies need to show whether grafts can execute all functions of the native tissue. Autologous organoid transplantations would also allow CRISPR/Cas9-mediated gene correction of diseasecausing mutations. 56 
Challenges of organoid modeling
The use of organoids, however, do not come without shortcomings. They are devoid of the native microenvironment consisting of stromal cells, muscle cells, blood vessels, and immune cells. The development of coculture conditions of organoids with immune cells or other cell types constitutes the next frontier. However, in vivo tumors harbor a wide range of genetic heterogeneity, and it remains unclear if tumoroids grown in vitro can capture whole heterogeneous populations stemming from the original tumors. One cannot exclude the possibility that established culture conditions may be suitable for the growth of particular subpopulations of tumor cells. In addition, the key components used to implement 3D culture (e.g., Matrigel and its relative basement membrane extract, BME) are animal-derived matrices that are poorly defined and are not mechanically pliable after plating. Clinical applications will warrant a transition to better defined and mechanically dynamic matrices to fully exploit the potential of organoid technologies. Hybrid polyethylene glycol (PEG) hydrogels represent one example of such nextgeneration 'designer matrices' that could expand the applicability of organoids. 24 Nonetheless, it should be noted that, although unlikely, there is always a possibility that an organoid culture will not be successfully established, particularly if the source cells are derived from diseased tissue, and establishment may be limited by factors such as biopsy size and/or differential growth factor requirements.
Outlook and future prospects
Organoids are one of the most accessible and physiologically relevant models to study the dynamics of stem cells that can be derived from various sources and monitored in a controlled environment, as exemplified by epithelial organoids. In combination with genetic, transcriptome and proteomic profiling, both murine-and human-derived organoids have revealed crucial aspects of development, homeostasis and disease. The progress in generating organoids that faithfully recapitulate human tissue composition in vivo has extended organoid applications from just a basic research tool to a translational platform with a wide range of uses. The capacity to indefinitely culture organoids without introducing genetic variation makes these systems a sound model for conducting high-throughput preclinical screenings, designing targeted and personalized therapies, and providing a source of fully functional tissue for regenerative medicine applications.
As interest in organoid technology grows, the commercial development of more standardized, validated organoid culture media will also be valuable to ensure that the organoid system becomes accessible to various academic and clinical scientists, thereby helping to maximize the potential of organoid-based research. When coupled with a more defined ECM, a highly accurate, reproducible culture model could emerge, overcoming current limitations that hinder the technology's transition from bench to bedside. Organoid technology has synergized well with current methodologies and has engendered a wide range of downstream functions and applications, underscoring its broad applicability and potential for manipulation. These features, in conjunction with the physiological relevance of the system, make organoids one of the most exciting and promising technologies that have emerged in recent times to study human development, disease and therapy.
